The formation and binding energies, the ionization levels, the structures, and the local vibrations of O i , O 2i , O 3i , VO, VO 2 , and V 2 O (Vϭvacancy͒ in silicon are calculated using a self-consistent total-energy pseudopotential method. The most important results are as follows: The ionization levels and associated structures are given for VO and V 2 O as well as the local vibration modes for the negative charge states of VO. 
I. INTRODUCTION
When crystalline silicon is grown by the Czochralski ͑Cz͒ method it is contaminated by oxygen dissolving from the surrounding quartz crucible. Cz-grown silicon can contain approximately 10 18 oxygen atoms in one cubic centimeter. Their presence can be very useful in the fabrication of silicon wafers because the oxygen atoms are able to increase the mechanical strength of silicon material and to act as gettering centers of other impurities. However, oxygen in as-grown Cz silicon appears supersaturated and hence the oxygen distribution is highly inhomogeneous. Heat treatments are therefore used to homogenize the oxygen distribution. However, when oxygen atoms become mobile at temperatures Ͼ 350°C they begin to cluster. A related ͑harmful and at the same time interesting͒ phenomenon is the appearance of the so-called thermal donors. 1 These are commonly believed to contain a core to which oxygen atoms aggregate resulting in a family of closely related donors. Several families of thermal donors are known: thermal double donors, shallow thermal donors, and new thermal donors. [1] [2] [3] [4] At least sixteen thermal donor members have been observed. 2, 5 Individual oxygen atoms occupy interstitial bond-center ͑BC͒ positions in silicon. 6 The interstitial oxygen atoms O i are known to diffuse by hopping between the neighboring BC sites with an activation energy of 2.53 eV in a large temperature range of 300-1200°C. 6, 7 However, aggregation takes place with a much lower activation energy of about 1.8 eV. 8 Oxygen-containing fast diffusing species ͑FDS's͒ are therefore needed to explain the aggregation. 9, 10 Several experimental methods have given valuable information about the oxygen defects. The electron paramagnetic resonance ͑EPR͒, electron-nuclear double resonance ͑ENDOR͒, and positron annihilation ͑PA͒ methods give information about wave functions and atomic structures, the deep level transition spectroscopy ͑DLTS͒ and photoconductivity about ionization levels, and infrared ͑IR͒ spectroscopy about local vibrations ͑LV's͒. 11, 12 However, despite these efforts as well as several systematic theoretical calculations, [13] [14] [15] [16] [17] [18] the aggregation processes and the atomic structures of the thermal donor cores are not yet well understood. The understanding certainly rests on firm knowledge of the properties of the basic oxygen complexes. For example, the formation of an interstitial oxygen pair O 2i as well as the formation of a vacancy-dioxygen complex VO 2 play an important role in understanding aggregation. Further, it has been suggested that VO and O 2i could be FDS's. 10, 19 To gain a better understanding of the physical behavior of oxygen in silicon we present here a systematic study of the basic interstitial oxygen and vacancy-oxygen complexes O i , O 2i , O 3i , VO, VO 2 , and V 2 O in silicon using state-of-art total-energy pseudopotential ͑PP͒ methods. The properties to be considered are the formation and binding energies, the ionization levels, the structures and bonding, as well as the LV's.
The format of this paper is as follows. The methods are presented in Sec. II. Results for energy quantities, structures, bonding, and local vibrations as well as the related discus-sions are presented in Sec. III. The conclusions are drawn in Sec. IV.
II. METHODS

A. Computational methods
We use the density-functional theory ͑DFT͒ ͑Ref. 20͒ in the local density ͑LD͒ ͑Ref. 21͒ and local mass ͑LM͒ ͑Ref. 22͒ approximations as well as the spin-polarized DFT ͑Refs. 20,23͒ in the local spin-density ͑LSD͒ ͑Ref. 23͒ approximation. Our calculations are performed using a self-consistent total energy PP method. The Perdew-Zunger ͑PZ͒ ͑Ref. 24͒ parametrization of the Ceperley-Alder data 25 is used for the exchange-correlation energy.
For silicon we use the norm-conserving Hamann PP. 26 The PP is of the fully separable Kleinman-Bylander form 27 and the s component is used as the local one. For oxygen we use the ultrasoft Vanderbilt PP. 28 The valence-electron wave functions are expanded in a plane-wave basis set up to a kinetic-energy cutoff of 28 Ry. The Vanderbilt PP was tested for an oxygen dimer (O 2 ) by calculating the bond length and vibrational frequency of O 2 . We find a bond length of 1.217 Å and a vibrational frequency of 1557 cm Ϫ1 which are close to the experimental values of 1.2074 Å and 1554.7 cm Ϫ1 , 29 respectively. We use mostly a lattice constant of 10.185 a 0 ϭ5.390 Å which is obtained from a 2 atom-site supercell calculation for bulk silicon with 4 3 Monkhorst-Pack ͑MP͒ k points. 30 However, in some cases the addition of oxygen atoms in the supercell can cause considerable internal pressure which is removed by increasing the lattice constant appropriately.
We use mostly the MP 2 3 k-point sampling and 32 and 64 atom-site supercells but occasionally also a 128 atom-site supercell with the ⌫ point in our calculations. These supercell sizes give a sufficient accuracy for total energy calculations. For example, the chemical potential for silicon using the 32 atom-site supercell is by 2.7 meV and the 64 atom-site supercell by 1.3 meV higher than the well-converged value obtained with the 2 atom-site supercell and the MP 6 3 k-point sampling. However, these supercell sizes may be less satisfactory for the structures of the defects. For example, similar supercell calculations for the silicon vacancy and divacancy have shown that a sufficient convergence in the structure is not reached before the 216 atom-site supercell. 31, 32 The main reason for the relatively slow convergence lies in the spurious defect-defect interactions along the ͓110͔ directional chains in silicon formed by periodically repeating the supercell. Another supercell-size-related matter is the dispersion of the one-electron states. When using 32 and 64 atom-site supercells the dispersion of one-electron states is still of the order of the calculated forbidden energy gap and there is a risk that the bands of the gap levels cross the valence band maximum ͑or conduction band minimum͒ at some k points, worsening the result. All calculations have been performed in a massively parallel CRAY-T3E system using the FINGER code.
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B. Computation of energy quantities
The total energy in our calculations is of the form
where n(r)ϭn ↑ (r)ϩn ↓ (r) is the total electron density consisting of the spin-up and -down densities. f i is an occupation number for the spin-orbital i , f i ϭ0 or 1. The first term on the right-hand side consists of the kinetic energy of the noninteracting electrons and the nonlocal contribution from the pseudopotential construction. The second term is the Hartree energy of the electrons and the third term the exchange-correlation energy. The last two terms represent the Coulombic interaction energy between the local ionic pseudopotential cores and the valence electron density and the Coulombic energy between the ion cores at the positions R I .
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In our calculations spin-polarization is taken into account in those cases where the defect has an unpaired number of electrons. In other cases the usual unpolarized LD or LM approximation is used unless otherwise stated.
The formation energy of a defect in the charge state Q is given by [34] [35] [36] [37] 
where Q is the charge of the supercell in units of elementary charge, E v is the valence band maximum, and e is the electron chemical potential relative to the valence band maximum. The constituents of the last summation, n s and s are the number of type s atoms in the supercell and the atom chemical potential, respectively. The values for the valence band maximum and the silicon atom chemical potential are obtained from a defect-free bulk calculation with the same supercell size and k-point sampling. The low-temperature form of SiO 2 , ␣ quartz, is used to get the chemical potential of an oxygen atom. The unit cell of ␣ quartz contains three silicon and six oxygen atoms. The chemical potential is obtained from the calculated total energy E D using the known silicon chemical potential as
The valence band maximum E v has been corrected using the average potential correction 37 as
The average potential correction is needed because of the limited supercell size. Basically this correction aligns the energies so that comparison between different charge states can be made. The ionization level (QЈ/Q) for a given defect is defined as the position of e in the band gap where the stablest charge state changes from QЈ to Q. The ionization levels are derived from the total energy and are therefore more reliable than the one-electron eigenvalues which are more directly influenced by the underestimation of the band gap. An ionization level can be obtained by solving e from the equation
͑2.4͒
C. Computation of local vibrations
In the harmonic approximation the total energy is written as a Taylor series of the atomic displacements. The coupling constants are obtained as numerical derivatives of the Hellman-Feynman forces
where n and m indicate the supercell, ␣ and ␤ the atom in the corresponding supercell and i and j the Cartesian direction. The dynamical matrix is defined as
m␤ j e iq•R m .
͑2.6͒
The LV's become independent of q for a sufficiently large supercell. Then one can neglect the sum over m in Eq. ͑2.6͒ and calculate the LV's as eigenvalues of the dynamical matrix at qϭ0:
͑2.7͒
The validity of this approximation has been tested by calculating the LV modes with different supercell sizes. It turns out that the 32 atom-site supercell is sufficient in calculating the LV's. 39 In practice the LV calculations are performed using the procedure and program by Köhler et al. 40 In our calculations every atom in the supercell is slightly displaced in the six Cartesian directions. After the displacement the electronic structure for this configuration is reoptimized and the resulting Hellman-Feynman forces are calculated. The coupling constants are then calculated by finite differences using these forces and displacements 40 and the dynamical matrix is formed using Eq. ͑2.7͒. The LV frequencies and the corresponding normal modes can then be obtained by diagonalizing the dynamical matrix. 40 We calculate the LV frequencies for the neutral VO also using microcanonical ͑constant NVE͒ molecular dynamics ͑MD͒ and the velocity-Verlet algorithm that conserves the total energy. 41 The simulation is adiabatic in the sense that the electronic structure is allowed to relax between the moves, keeping the electrons near the Born-Oppenheimer surface. However, the inaccuracies in the Hellman-Feynman forces when the electronic structure is not exactly on the Born-Oppenheimer surface cause a small shift in the total energy during the simulation. This shift-insignificant for our purposes-is 0.5 eV for the whole 32 atom-site supercell during the whole simulation period of 2 ps. The timestep for ionic movements used in our simulations was 3.6 fs. The MD run was started from the relaxed structure of VO obtained with the 32 atom-site supercell. In the beginning of the MD run the system was allowed to thermalize. The peaks of the LV modes for VO in the vibration density of states can be obtained directly from the power spectrum which is calculated by taking the real part of the discrete Fourier transform of the velocity autocorrelation function
͑2.8͒
For a more complete description of the method, see, for example, Ref. 42 .
III. RESULTS AND DISCUSSION
A. Energies and structures Figure 1 shows the calculated configurations for the interstitial oxygen complexes. The calculated structure for O i in Fig. 1͑a͒ agrees with the widely accepted model for O i where the oxygen atom breaks the ͓111͔-directional bond and is displaced off from the actual BC to form a ''puckered'' structure. 6, 43 O 2i appears in two competing configurations: The staggered configuration in Fig. 1͑b͒ found by Needels et al. 15 consists of two O i 's bonded to a common silicon atom (Si 2 ). The skewed O i -Si-Si-O i configuration in Fig.  1͑c͒ found by Ö berg et al. 44 47 find a slightly bound O 2i . Ö berg et al. 44 find that the skewed O i -Si-Si-O i configuration is by 0.14 eV more stable than an O 2i configuration consisting of two neighboring O i 's bound to a common silicon atom, whereas Ewels et al. 48 found earlier using the same method that the latter configuration is more stable by 0.68Ϫ0.82 eV. Thus, considerable differences exist between different calculations. TABLE II. Binding energies of the interstitial oxygen complexes ͑eV͒. The methods included are the pseudopotential ͑PP͒, Green's matrix ͑G͒, and semiempirical ͑MINDO/3͒ method. SC, C, and CC denote supercell, (H-terminated͒ cluster, and cyclic cluster, respectively. S and SK denote the staggered and the skewed O i -Si-Si-O i configuration, respectively. The number after SC, C, or CC gives the number of Si atoms. The ⌫ point k sampling is used in calculating with the supercell of 128 Si atoms. The lattice constant of 5.39 Å of a defect-free bulk silicon is used in our calculations. Our results in Tables I and II were obtained using the lattice constant of defect-free bulk silicon. Figure 2 shows the calculated total energies of the defect supercells and defect-free bulk silicon as a function of the lattice constant. The increase in the lattice constant to minimize the pressure in the supercell does not change the total energies of the defects significantly. This effect is of the order of a meV in the total energy of the primitive unit cell ͑two atoms͒ but may have significant effects in the vibrational frequencies and details in the defect geometries. According to 
Interstitial oxygen complexes
Consider next the structures of the interstitial oxygen complexes in Fig. 1 in more detail. The calculated structures of O i are given in Table III together with previous theoretical studies 16, 18, 46, 48, [50] [51] [52] [53] [54] and experimental results. 43 From experiments applied pressure is known to decrease the Si-O i -Si angle. 55 We find the same behavior which is shown in Fig.  3͑a͒ . The internal pressure of a defect supercell ͑and the spurious O i -O i interactions͒ can also be decreased by increasing the size of the supercell. We indeed find the opening of the Si-O i -Si angle with increasing the size of the supercell ͓Fig. 3͑b͔͒. When the pressure in a 32 atom-site supercell is relieved by increasing the lattice constant or when the pressure is diminished by increasing the size of the supercell up to 128 atom-sites the Si-O i -Si bond angle is found to in- Table III .
The calculated structures of O 2i are given in Table IV together with previous theoretical studies. 44, 48 The oxygen atoms of the staggered O 2i ͓Fig. 1͑b͔͒ form a chain along one of the ͗110͘ directions. The calculated behavior of the Si-O i -Si angles as a function of lattice constant is shown in Fig. 3͑a͒ . At high pressure both angles are slightly above the value of 120°and similarly to the case of O i they open when pressure is decreased. However, increasing the size of the supercell does not increase the Si-O i -Si angles ͑Table IV͒. The reason for this is not clear to us but may be due to an insufficient number of silicon atoms to allow a proper relaxation around O 2i ͑or/and the residual O 2i -O 2i interactions͒. The symmetric structure where both oxygen atoms would protrude similar to the Si 1 -O 1 -Si 2 structure in Fig. 1͑b͒ is not stable and relaxes to staggered structure.
For the skewed O i -Si-Si-O i structure ͓Fig. 1͑c͔͒ we find that the two angles open and approach each other when either pressure is relieved or when the size of the supercell is increased to 128 atom sites ͑Table IV͒. As expected, the Si-O i -Si angles in this structure consisting of the weakly interacting O i 's are about the same as the corresponding angle of a single O i ͑Table III͒.
Vacancy-oxygen complexes
The calculated structures of the vacancy-oxygen complexes are shown in Fig. 4 . In VO ͓Fig. 4͑a͔͒ the oxygen atom moves from the substitutional ͑vacancy͒ site to the ͓100͔ direction and forms bonds with the silicon atoms Si 1 and Si 2 . The silicon atoms Si 3 and Si 4 form a weak bond that plays a central role in the appearance of the deep levels in the forbidden energy gap. In VO 2 ͓Fig. 4͑b͔͒ both oxygen atoms form symmetrically similar bonds to two silicon atoms as O in VO. In V 2 O ͓Fig. 4͑c͔͒ the oxygen atom forms bonds with the silicon atoms Si 1 and Si 2 at one end of V 2 . The silicon atoms Si 3 and Si 4 form a weak bond in the other end of V 2 .
The calculated formation energies and ionization levels of the vacancy-oxygen complexes are listed in Table V together with experiments. [56] [57] [58] The dependence of the formation energy on the supercell size was studied calculating the neutral VO with three different supercells. The formation energies obtained were found to converge already with the supercell size of 32 atom sites. The formation energies obtained are 2.8, 3.6, and 3.7 eV for the 16, 32, and 64 atom-site supercells, respectively. Also the ionization levels stayed at approximately the same positions when the 32 atom-site supercell was grown to the larger 64 atom-site supercell. Using ⌫-point and 128 atom-site supercell leads to a formation energy of 2.7 eV. The lower value is consistent with the previous studies for V and V 2 in silicon. 31 point symmetry group is C 2v and the oxygen atom is attached to the dangling bonds of two silicon atoms of the vacancy ͓Fig. 4͑a͔͒. Our calculations show that the uppermost occupied state has a node in the mirror plane and is thus an antibonding orbital of type a 1 . The experimental ionization level ͑Ϫ/0͒ of VO lies at E c Ϫ0.17Ϯ0.01.
56,57 Figure  5 shows the calculated formation energy plot for VO. The ionization levels shown in Fig. 5 are obtained from the total energy using Eqs. ͑2.2͒-͑2.4͒. The calculated ionization levels (Ϫ/0) and ͑2Ϫ/Ϫ͒ of VO are at 0.40 and 0.53 eV, respectively. The calculated ͑Ϫ/0͒ level lies about 0.6 eV below the experimental one. For comparison, we find for V 2 from the most accurate calculations (⌫ point, 216 atom-site supercell͒ that the two lowest ionization levels ͑0/ϩ͒ and ͑Ϫ/0͒ lie about 0.2 eV below the corresponding experimental levels at 0.25 and ϳ0.55 eV. 32 The calculated uppermost ͑2Ϫ/Ϫ͒ level for V 2 lies ͑increasingly͒ 0.3 eV below the experimental level at 0.75 eV. And, the result that the calculated ͑Ϫ/0͒ level for VO lies 0.6 eV below the experimental level at 1.0 eV close to E c (E c Ϫ0.17 eV͒ is in line with our results for V 2 . It is also clear that the calculated ͑2Ϫ/Ϫ͒ level at 0.53 eV for VO could in reality be a resonance state in the conduction band. In any case, the LD approximation in the DFT appears to describe the ionization levels in the upper part of the gap insufficiently analogously with the underestimation of the band gap. This deficiency can be at least partially removed using the LM approximation for valence electrons. 22 Our preliminary LM results for VO show that the ͑Ϫ/0͒ ionization level rises about 0.3 eV towards the experimental value ͑see the lower panel of Fig. 5͒ . This effect has also been found in the vacancy-substitutional arsenic pair in silicon. The deep level rises from 0.25 to 0.55 eV, 62 while the experimental value for the level is 0.7 eV.
The substitutional oxygen in silicon has also another C 3v symmetric structure with a trivalently bonded oxygen. The positive charge states of the divalently bonded C 2v -symmetric VO are not thermodynamically stable at any value of the electron chemical potential ͑Fig. 5͒. This holds also for the trivalently bonded VO. The calculated trivalently bonded VO structure has a total energy that is 0.3 eV higher in the neutral charge state than the total energy of the C 2v -symmetric structure ͑see Fig 5͒. For this difference Chadi obtained a value of 0.5 eV. 18 The result by Van Oosten et al. 63 that the C 3v -symmetric structure has a stable positive charge state could thus not be verified by our calculations.
The formation energy of V 2 O is rather high, equal to 5.5 eV ͑Table V͒. According to our calculations the energy difference between the high spin state (Sϭ1) and the spin compensated state (Sϭ0) of the neutral V 2 O is only 0.18 eV in favor of the spin compensated case. Thus, thermal excitation to the metastable Sϭ1 state is needed before V 2 O can be detected in EPR experiments. Our result agrees with the analysis given by Lee and Corbett. 64 Similarly to VO also V 2 O has two ionization levels in the gap ͑see Fig. 5͒ . The calculated ͑Ϫ/0͒ and ͑2Ϫ/Ϫ͒ ionization levels for V 2 O are at 0.34 and 0.39 eV, respectively ͑Table V͒. Kimerling 58 gives tentatively a value of 0.87 eV (E c Ϫ0.3 eV͒ for the experimental ionization level. The calculated ͑Ϫ/0͒ level of 0.34 eV lies about 0.5 eV below the experimental one similarly to the case of VO.
Table VI lists the calculated binding energies for the vacancy-oxygen complexes. The values are obtained using the most well-converged values available for the formation energies. This approach can lead to small errors due to the dependence of the formation energy on the k-point sampling and supercell size. 31 The pathways for the dissociation of the vacancy-oxygen complexes can be estimated using the binding energies of 
͑3.2͒
Both pathways lead to increase of O i content in the crystal. VO is known to anneal at elevated temperatures. 19, 65 The diffusion barrier for VO has been estimated to be low, only 1.84 eV by means of the classical Jiang-Brown potential. 66 Thus, VO can diffuse quite easily to O i and form VO 2 , or two VO's can encounter and form V 2 O 2 ͑Table VI, rows 5 and 8͒. The energy gain in the former process is approximately the size of the formation energy of O i ͑1.1 eV, Table I͒, because the formation energy of VO 2 is very near that for VO. V 2 O 2 may in principle dissociate to VO 2 and V but this is not energetically very favorable ͑Table VI, row 10͒.
If O 2i is a FDS then it is also reasonable to consider the process where it encounters VO. The result of this process, VO 3 , can further dissociate into VO 2 and O i leading to a net energy gain of 0.8 eV ͑Table VI, row 6͒. VO 2 can also be formed from V and O 2i ͑Table VI, row 2͒. In fact this way is by 0.6 eV more favorable than the formation from VO and O i ͑Table VI, rows 2 and 5͒. V 2 O can be formed from O i and V 2 ͑Table VI, row 3͒ or by 0.9 eV more favorably from V and VO ͑Table VI, row 7͒.
The formation energy of the silicon self-interstitial (Si i ) when the Fermi level is in the midgap is according to Ref. 67 ϳ4.2 eV. The process where Si i encounters a vacancyoxygen complex always leads to a high energy gain ͑Table VI rows 9, 11, and 13͒.
We consider next the structures of the vacancy-oxygen complexes in Fig. 4 in more detail. The calculated structures of the vacancy-oxygen complexes are listed in Table VII together with previous theoretical studies 13, 17, 18, 45, 63, [68] [69] [70] and experiments. 71 According to our calculations in the neutral charge state of VO the oxygen atom is shifted to an ͓100͔ direction from the substitutional site such that the Si-O-Si angle is 148°͓see Fig. 4͑a͒ and Table VII͔. The energy gain when moving from the unrelaxed configuration with the T d symmetry to the C 2v symmetry is 1.3 eV. The energy gain is of the order of 0.6 eV when the T d -symmetric structure is allowed to relax while keeping the symmetry.
As the number of electrons localized in VO increases the Si-O-Si angle opens and the oxygen atom shifts further in the ͓100͔ direction. Our value of 152°of the Si-O-Si angle of VO Ϫ agrees closely with the experimental value of 155°͑ Table VII͒ . 71 In the negative charge states the extra electron is localized to the weak Si 3 -Si 4 bond opposite to the oxygen atom ͓Fig. 4͑a͔͒. Our results for VO agree closely with the other computational results in Table VII .
The structure of VO 2 resembles the structure of VO. Each of the two oxygen atoms is bonded to two silicon atoms of the vacancy and the Si-O-Si angle of 155°is close to the corresponding value of VO ͓see Figs. 4͑a͒ and 4͑b͒ A second more recent model is a linear Si 2 O molecule ͑symmetry group D 3d ) based on a low ͑1 meV͒ BC energy and the associated quantum delocalization of O i such that its probability distribution is centered at the BC. 50, [77] [78] [79] According to this model the 1136 and 517 cm Ϫ1 LV's are an asymmetric stretching (A 2u ) mode and a transverse silicon mode induced by a nonmoving O i (E u ), respectively. 50 In addition, the model gives an IR inactive symmetric stretching mode (A 1g ) at 596 cm Ϫ1 . 
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We have calculated the LV's of O i both using the relaxed lattice constant aϭ5.43 Å ( Pϭ0 kbar͒ and the lattice constant aϭ5.39 Å of defect-free bulk silicon ( Pϭ16 kbar͒. The calculated LV modes are shown in Fig. 6 and the calculated LV frequencies are listed in Table VIII together with  other calculations 16, 46, 51, 80 and experiments. 43, 74, 75, 81 The calculated asymmetric stretching frequency of 1098 cm Ϫ1 and its isotopic shifts agree closely with the experimental values and with the calculations by Jones et al. 51 The calculated isotopic shifts agree also closely with those reported by Snyder et al. 80 The calculated direction of the transition dipole which is parallel to the ͓111͔ direction also agrees with the experiments. 6 The calculated symmetric stretching frequency of 630 cm Ϫ1 lies 113 cm Ϫ1 above the second experimental frequency of 517 cm Ϫ1 and the calculated isotopic shift of 2 cm Ϫ1 -though small-differs from the strict experimental value of 0 cm Ϫ1 . The direction of the transition dipoleperpendicular to the ͓111͔ direction-agrees with the experiments. 76 The calculated results for the symmetric stretching frequency thus agree moderately well with the experimental data. And in any case, the calculated symmetric stretching mode at 630 cm Ϫ1 is the only local mode of O i that could be associated with the experimental frequency of 517 cm Ϫ1 . The calculated modes starting from the next highest frequency of 544 cm Ϫ1 are all delocalized. 82 However, our analysis for O 2i below shows that the experimental LV frequency of 517 cm Ϫ1 is in fact not to be associated with the symmetric stretching mode at 630 cm Ϫ1 but with a localized oxygen induced Si mode because the symmetric TABLE VII. Structures of the vacancy-oxygen complexes in different charge states. Distances are given in Å. The 2ϫ2ϫ2 MP Brillouin zone sampling is used in this work. The methods included are the pseudopotential ͑PP͒, Hartree-Fock ͑HF͒, scattered-wave ͑SW͒ X ␣ , semiempirical ͑MNDO͒, and Green matrix ͑G͒ method. SC and C denote supercell and (H-terminated͒ cluster, respectively. The number after SC or C gives the number of Si atoms. stretching modes of the skewed O i -Si-Si-O i configuration are not detected experimentally but the weak interaction between the two O i 's is capable of forming a localized oxygen induced Si mode at 558 cm Ϫ1 , about 9 cm Ϫ1 above the region of the delocalized modes. This interpretation parallels the characterization of the 517 cm Ϫ1 mode by Artacho et al. 50 According to Artacho et al. the symmetric stretching LV is not seen in the experiments because this mode is IR inactive for a linear Si 2 O molecule. Although the symmetric stretching LV of the puckered Si 2 O molecule obtained ͓Fig. 6͑b͔͒ is IR active and could in principle be seen in experiments the small amplitude of O i makes this probably impossible in practice. One way to find out the nature of the 517 cm Ϫ1 mode is to measure the isotopic shifts when one ͑both͒ of the Si atoms neighboring O i is ͑are͒ replaced by the 29 Si isotope. The corresponding calculated isotopic shifts in the symmetric stretching 630 cm Ϫ1 LV mode are 5 and 10 cm Ϫ1 ͑Table VIII͒ implying that these isotopic shifts should be discernible in the 517 cm Ϫ1 mode if present. 83 However, to the best of the knowledge of the present authors the experimental shifts in the 517 cm Ϫ1 mode have not been reported.
Below the delocalized modes we find two LV modes that have the lowest of all the frequencies: the bend mode at 158 cm Ϫ1 and the mode consisting of the vibration around the ͓111͔ axis at 130 cm Ϫ1 ͓Figs. 6͑c͒ and 6͑d͒, respectively͔. The bend mode is the lowest of the three modes of the puckered ͑planar͒ Si 2 O-molecule model. However, due to the crystalline environment the mode consisting of the vibration around the ͓111͔ axis becomes the lowest LV mode. Quantitatively, the calculated frequencies of 158 and 130 cm Ϫ1 as well as their isotopic shifts (5 cm Ϫ1 each͒ are larger than the experimental frequency of 29 cm Ϫ1 and its isotopic shift of 2 cm Ϫ1 ͑Table VIII͒. Usually the far IR spectrum of O i is explained with a quantum model of a linear Si 2 O molecule where the oxygen atom moves in a central field in a plane perpendicular to the ͓111͔ axis. 43, 50, [77] [78] [79] This type of very refined comparison is beyond the accuracy of the present method. However, we consider next the BC energy which is a decisive factor in this quantum model. The BC energy was investigated by restricting the oxygen atom to lie in the center of the coordinates of the two bonding silicon atoms but otherwise allowing all the atoms to fully relax. The calculated results are given in Table IX ) of O i . The methods included are the pseudopotential ͑PP͒ and semiempirical ͑MINDO/3͒ method. SC, C, and CC denote supercell, (H-terminated͒ cluster, and cyclic cluster, respectively. The number after SC, C, or CC gives the corresponding number of Si atoms. The values calculated using the lattice constant of 5.390 Å of defect-free bulk silicon corresponding to a pressure of 16 kbar are given in the third column in parentheses. The numbers in parentheses in the last four columns are the isotopic shifts downwards (cm Ϫ1 ). 16 respectively, whereas the Hartree-Fock method 50 and the semiempirical MINDO/3 method 16 have a tendency to give vanishing BC energies. Since the calculated LV frequencies are larger than the experimental value of 29 cm Ϫ1 our BC energy in Table IX seems to be somewhat overestimated. However, it is difficult to infer from the present calculation whether the BC energy would in reality diminish to the extent that O i becomes quantum delocalized as is required by the linear Si 2 O-molecule model.
The pressure coefficients and Grüneisen parameters (␥ϭ Ϫ‫ץ‬ ln ‫ץ/‬ ln V) 38 for the LV frequencies can be calculated from the values given in Table VIII . Assuming a linear pressure dependence we get the pressure coefficients and the Grüneisen parameters listed in Table X . All pressure coefficients as well as the Grüneisen parameters are negative. This behavior is common in tetrahedrally coordinated systems and is consistent with the fact that the average overall Grüneisen parameter of bulk silicon crystal is negative at low temperatures. The first pressure coefficient agrees reasonably well with the corresponding experimental value of about Ϫ0.3 cm Ϫ1 /kbar. 84 This behavior is displayed in Fig. 7 showing clearly the larger splittings for the staggered configuration due to the stronger O i -O i interactions in this case. 10, 44, 74, 85 Mutual interactions between the two O i 's cause the formation of new local oxygen induced Si modes around 560 cm Ϫ1 -shown for the skewed O i -Si-Si-O i configuration in Fig. 8 . Consequently, relatively distantly spaced and thus weakly interacting O i 's are capable of forming a localized mode that in this case is 9 cm Ϫ1 above the region of the delocalized modes. A comparison in Fig. 7 completed with a comparison of isotopic shifts 84 shows that the four experimental frequencies at 1060, 1012, 690, and 556 cm Ϫ1 belonging to one configuration of O 2i ͑the solid bars in the lowest row in Fig. 7͒ 10,44,85 originate from the staggered O 2i . The experimental frequency at 1105 cm Ϫ1 from a different configuration of O 2i ͑the dashdotted bar in Fig. 7͒ 10 originates then from the skewed O i -Si-Si-O i configuration. 84 By comparing the O i panel with the O 2i panel in Fig. 7 it is immediately obvious that the calculated symmetric stretch- Table XI . Assuming a linear pressure dependence we get the pressure coefficients and the Grün-eisen parameters also listed in Table XI . To the best of the authors' knowledge no experimental pressure coefficients or Grüneisen parameters exist for O 2i for comparison. It is interesting to observe the following trend. The pressure coefficients and the Grüneisen parameters ␥ of the symmetric stretching mode increase from negative to positive values when proceeding from O i ͑Table X͒ to the skewed O i -Si-Si-O i configuration of O 2i to the staggered configuration of O 2i ͑Table XI͒ ͑i.e., the mutual interaction of the two O i 's increases͒. On the other hand, no similar clear trend is seen in the asymmetric stretching case.
Vacancy-oxygen complexes
Since an oxygen atom in VO (A center͒ forms strong bonds with two silicon atoms passivating their dangling bonds ͑Fig. 4, Table VII͒ the LV modes of VO resemble those of O i : an asymmetric stretching mode at a higher frequency and a symmetric stretching mode at a lower frequency. In VO 2 each of the two oxygen atoms forms strong bonds with two silicon atoms and accordingly all four dangling bonds are passivated. The LV's of VO 2 thus consist basically of the LV's of two separate VO's modified by the interactions between the oxygen atoms. In the case of V 2 O the oxygen atom forms strong bonds with two silicon atoms at one end of V 2 passivating two of the six dangling bonds available in V 2 altogether. Again the LV's of V 2 O resemble those of VO.
The calculated LV frequencies for VO, VO 2 , and V 2 O together with other calculations 16, 17, 63, 70 and experiments [86] [87] [88] [89] are listed in Table XII . Consider first VO ͑symmetry goup C 2v ). The calculated LV modes of VO are shown in Fig. 10 . The calculated frequency of the asymmetric stretching mode (B 1 ) of 843 cm Ϫ1 agrees closely with the experimental value of 835 cm Ϫ1 but there are large differences (ϳ200 cm Ϫ1 ) between the different calculations. According to our calculations the addition of electrons to VO increases the LV frequency of the asymmetric stretching mode which is also observed experimentally ͑Table XII͒. However, the experimentally observed increase (50 cm Ϫ1 ) is much stronger than the calculated increase (7 cm Ϫ1 ). The reason for this difference is not clear to us. On the other hand, when 16 O is replaced by 18 O our calculations give for the isotopic shift in the same asymmetric stretching mode exactly the experimental value of 37 cm Ϫ1 . The calculated symmetric stretching mode (A 1 ) at 540 cm Ϫ1 -though in principle IR active-has not been detected experimentally. In this mode the amplitude of the oxygen atom is small as is also the isotopic shift.
To check the results obtained solving the eigenvalue problem of the dynamical matrix we performed also a direct molecular dynamics simulation for VO in a neutral charge state. The peaks of the LV modes in the phonon spectrum are obtained from the power spectrum, i.e., from the real part of the Fourier transform of the velocity autocorrelation function ͓Eq. ͑2.8͔͒. The obtained power spectrum is shown in Fig. 11 together with the vibration density of states obtained using the dynamic matrix. The power spectrum gives practically the same LV frequency peaks as the diagonalization of the dynamic matrix ͑about 850 and 540 cm Ϫ1 ). When a second oxygen atom is bonded to the two remaining dangling bonds in VO to form VO 2 one would intuitively expect that the LV frequencies approach those of O i . Our calculations indeed show this general tendency that is also observed experimentally ͑Tables XII and VIII͒. The symmetry group of VO 2 is D 2d . The calculated, essentially degenerate, LV modes ͑E͒ of the highest frequency of 912 cm Ϫ1 ͑see active and could be observed experimentally though the amplitudes of the oxygen atoms are small as is also the isotopic shift ͑Table XII͒. The calculated isotopic shift of the highest mode of 41 cm Ϫ1 agrees closely with that of 39 cm Ϫ1 obtained by Ewels et al. 17 though there is a large quantitative difference between the LV frequencies ͑912 vs 807 cm Ϫ1 ). The calculated LV modes of V 2 O are essentially the same as those of VO ͑Fig. 10͒. The calculated LV frequency of the asymmetric stretching mode and its isotopic shift ͑Table XII͒ agree closely with the results obtained by Ewels et al. 17 To the best of our knowledge no experimental frequencies are available for comparison.
IV. CONCLUSIONS
The formation and binding energies, the ionization levels, the structures, and the local vibrations of the charged interstitial oxygen and vacancy-oxygen complexes O i , O 2i , O 3i , VO, VO 2 , and V 2 O in silicon have been studied using a self-consistent density functional theory based total-energy pseudopotential method. The calculated results agree in general closely with available experimental data. 
